Abstract-The analysis, design and control of 4th_order LCLC voltage-output series-parallel resonant converters (SPRCs) for the provision of multiple regulated outputs, is described. Specifically, state-variable concepts are developed to establish operating mode boundaries with which to describe the internal behaviour of dualoutput resonant converters, and the impact of output leakage inductance. The resulting models are compared with those obtained from SPICE simulations and measurements from a prototype power supply under closed loop control to verify the analysis, modeling and control predictions.
I. INTRODUCTION
To-date, several approaches have been explored to address cross-regulation, complexity and overall circuit performance issues of multi-output converters, the solutions being divided into three distinct categories. The first regulates a single primary output using closed-loop feedback, with the auxiliary outputs being semi-regulated and, therefore, subject to crossregulation error. The second category achieves precise postregulation of each output by using either linear regulators or hard-switched dc-dc converters. However, although relatively straightforward to design, such circuits are rarely used in practice due to cost constraints. The third category is specific to applications which require only two regulated outputs, as is commonly found in signal processing and microprocessor based systems. They avoid the need for post-regulation by utilising two closed-loop feedback configurations. A 3rd-order LLC converter with two independently controlled outputs was reported in [1] .
However, optimum performance characteristics have yet to be forthcoming, primarily due to the significant complexity associated with the highly non-linear behaviour between the various outputs as a function of load. Nevertheless, it is a solution that broadly falls within this third category that is the subject of this paper. Specifically, dualoutput resonant LCLC converters, are considered, with control of each output being achieved by switching the power devices asymmetrically over each half switching cycle using a combination of PWM and frequency control.
II. DUAL O/P LCLC-SPRC MODEL
A half-bridge LCLC-SPRC with two outputs is shown in Fig.  1(a) . To achieve zero-voltage switching, the converter is assumed to operate on the negative gradient of the input-output frequency characteristic, above the primary resonant peak. When operating in this region, the resulting waveforms can be sub-divided into two distinct time intervals, viz. intervals 1 and 2, as depicted in Fig. 1(b 
Under steady-state conditions, the mean output current ioutl, flowing through Dl towards the output filter and load, can be determined from the mean current flowing through the rectifier when it is of positive polarity. Since this occurs during the interval Oc1 < 0 < z, iout is given by: (1)
The boundary for the end of the capacitor charging period is vCpl(t2) = +Voutl, which yields the rectifier non-conduction angle, Oc, associated with a positive polarity of current, iR, through the high side rectifier:
where vtot = vout, + VOut2
Simple mathematical manipulation of (3) and (7) Fig. 1(c) As discussed, during interval t1-4 t2 (see Fig. 1 The model can used to investigate the behaviour of dual load converters when subject to asymmetrical input excitation. By way of example, the parameters of a candidate converter are given in Table I when supplied from a 30V dc link. A plot of the resulting steady-state output voltage characteristics of the converter, V0,t, and VW2, as a function of switching frequency and duty-cycle ratio is given in Fig. 2 . It is evident that for operation above resonance, the sum of the output voltages applied to the loads increases as the operating frequency tends to the effective resonant frequency, for fixed values of dutycycle ratio. Furthermore, for a 50O duty-cycle, giving symmetric square-wave excitation of the tank, the converter delivers identical voltages to both the high side and low side outputs, for a fixed operating frequency, as expected. For a given operating frequency, a decrease in the duty-cycle ratio, from 500O, is seen to deliver more energy from the resonant tank to energize output V,,ti, thereby yielding a correspondingly higher output voltage and power, and viceversa. It is, therefore, clear that for balanced loads, the voltage and power distribution to each output can be independently influenced by a suitable choice of duty ratio and switching frequency. Fig. 3 showing a model of the resonant converter 'fast' sub-system. Whilst the rectifier is omitted in the state-variable representation, its influence on the fast subsystem is accommodated through the addition of current sources, as shown in Fig. 3 . This step is justified by noting that the interaction between the fast and slow sub-systems is solely based on coupling equations consisting of the characteristics of the rectifier output currents iR1 and iR2. The slow sub-system describes the behaviour of the high side and low side rectifier outputs and the capacitive output filters and loads, vc'p and VCP2 being considered to be the inputs to the high side and low side output sub-systems, respectively. The dynamics of the fast sub-system, therefore, consist of a set Table II . A ferrite core, 3F3, suitable for high frequency applications, was used for both the transformer core and the resonant inductor. Since the transformer leakage inductances are dependent on the winding arrangement, the secondaries were bifilar wound adjacent to the core, beneath the primary winding, so as to reduce secondary leakage flux. Fig. 4 . As is clearly evident, the correlation between the theoretical predictions and the experimental data is extremely good. Moreover, a comparison of simulated and measured characteristics, when duty-cycle ratio control is employed, has also been obtained at an operating frequency of f=150 kHz.
The results are shown in Fig. 5 from which it can be seen that the proposed state-variable model provides sufficient accuracy for design and analysis purposes, the maximum error being <5%/.
VI. CLOSED-LOOP CONTROL
The structure of the control methodology, which employs two decoupled feedback loops for independent control of frequency and duty-cycle ratio, is shown in Fig. 6 
